Introduction
[2] The intensities of surface magnetic fields on Mars during most of the planet's history are essentially unknown. Magnetic anomalies reside primarily in crustal terranes >3.8 billion years old (Ga) and are weak or absent within younger impact basins. These data have been used to argue that an early field had decayed by $3.9 Ga [Acuna et al., 1999] , but the low spatial resolution of spacecraft field data combined with the lack of precise ages for the crustal sources make this timing highly uncertain. Understanding the history of Martian fields is critical for understanding the planet's thermal, tectonic, and climatic evolution. [3] Of the nearly 50 known Martian meteorites, only a single sample-the meteorite ALH 84001-dates back to the early field epoch. ALH 84001 indeed contains a natural remanent magnetization (NRM). The NRM resides mainly in single domain stoichiometric magnetite-and pyrrhotitebearing carbonate , as well as possibly carbonate-associated hematite and free magnetite , sulfides and chromite . All paleomagnetic studies of ALH 84001 have found that the NRM is heterogeneously oriented at fine scales Antretter et al., 2003; . Bulk (tens of mg and larger) samples do not show significant remanence or susceptibility anisotropy Gattacceca et al., 2005; .
[4]
40 Ar/ 39 Ar data suggest that the characteristic NRM in ALH 84001, which has been observed as an origin-trending component blocked above coercivities of $40 mT , was likely acquired as a thermoremanence on Mars during a shock event that strongly heated the meteorite at $4 Ga . Noble gas geochronology and a variety of geochemical and petrographic data collectively indicate that the meteorite has not been heated to temperatures above $500°C since this time. The heterogeneous pattern of magnetization and evidence for one or more shock events following carbonate formation suggest that it likely later acquired secondary overprints (see auxiliary material). 1 The characteristic NRM could have been the product of either a dynamo or local crustal paleofield. However, given that any strong crustal paleofields would likely have been the product of an earlier dynamo, this suggests that a dynamo existed on Mars at or before 3.9 Ga.
[5] Although the age of the characteristic NRM in ALH 84001 is reasonably well known, the intensity of the paleofield that magnetized it is not. Previous experiments on the meteorite using the ratio of the NRM to saturation isothermal remanent magnetization (sIRM) method have obtained paleointensity values ranging from several to several tens of microteslas (mT) (for comparison, the Earth's surface field today has an intensity of $50 mT), with a striking dependence on the mass of the sample used for the analysis ( Figure S1 ). Although the NRM/sIRM method should only yield an order-of-magnitude estimate of the paleointensity even for single-component NRM (see auxiliary material) , a key reason for this large range of values must also be the nonunidirectional orientation of the fine scale magnetization in ALH 84001 , which would mean that measurements of bulk grains provide only a lower limit on the true paleointensity. It is therefore possible that the Martian paleofield at 4 Ga was in fact significantly stronger than that of the Earth today. A strong field would then make it much easier to explain the intensity of the Martian crustal anomalies, which are ten times as intense as those in the Earth's continental crust [Connerney et al., 1999] .
[6] At the outset of this study, we hypothesized that this mass dependence of paleointensity estimates is not accidental but is rather causal. If so, then there are at least two possible reasons why small samples would give higher paleointensities: (a) the smaller samples have larger magnetic anisotropy which could result in an overestimate of their paleointensities (and possibly also explain the nonunidirectional NRM ), or (b) the small samples are magnetically isotropic and the net NRM of large samples underestimates the true fine-scale thermoremanent NRM and therefore the true paleointensity.
[7] To distinguish between hypotheses (a) and (b), we used the low-transition temperature Superconducting Quantum Interference Device Microscope (SM) [Fong et al., 2005; Weiss et al., , 2007b ] to resolve the fine-scale heterogeneity of the magnetization and obtain more accurate paleointensity estimates from resolved anomalies. The masses of these anomalies are only several hundred nanograms and they contain millions of ferromagnetic crystallites. These maps afford us the opportunity to study the paleomagnetism of samples with effective masses $10,000 times less than that of the next largest samples previously analyzed.
Methods
[8] All of the magnetic data presented here were acquired using the SQUID Microscope, a low-transition temperature magnetometer that maps the vertical component of the magnetic fields of room temperature samples . The SM was equipped with a monolithic DC SQUID sensor with an effective diameter of 80 mm and was rastered over the sample at a constant height of 140 mm to map the field at a rectangular grid of thousands of locations spaced by 40 mm. All data were acquired inside a two-layer mu-metal shielded room (DC field <50 nT and AC field peak-to-peak variations <0.05 nT at 0.01 Hz). In this configuration, the SM can resolve individual dipoles with a moment resolution of $10 À15 Am 2 and a spatial resolution of $140 mm. Unlike standard SQUID moment magnetometers, the SM does not measure the sample's bulk moment but rather maps its magnetic field in order to resolve magnetization variation within the sample. This requires that the sample magnetization be constrained from least squares fits to the field data.
[9] We used the SM to map ALH 84001,227b,2, a 30 mm thin section taken from directly underneath thin section 227b,1 that we previously studied using a lower resolution (250 mm) SM . The thin section represents a partial cross section of the parent meteorite (Figure 1 ), beginning with a semi-continuous rim of fusion crust at left produced during passage through the Earth's atmosphere and proceeding to the meteorite's interior unaffected by atmospheric heating at right.
[10] Using the SM, we imaged the evolution of the NRM during progressive three-axis AF demagnetization from 5 to 100 mT in steps of 5 or 10 mT. We also measured stepwise IRM acquisition in the out-of-the-thin-section-plane direction (IRM z ) from 20 to 545 mT, as well as IRM 545 mT in the two in-plane directions (IRM x and IRM y ) (see auxiliary material). Following the magnetic analyses, we imaged the sample using optical and electron microscopy at McGill University (see auxiliary material).
Measurements
[11] SM measurements of the NRM revealed three main zones of magnetization associated with the fusion crust, an adjacent baked zone, and the meteorite interior ( Figure 1 ). An intense, relatively uniform field oriented into the plane of the thin section is present above the fusion crust at left and extends $0.1 mm into the interior, surrounded by a belt of oppositely oriented (''return flow'') field. Above the meteorite's deep interior at right are much weaker fields with higher spatial frequencies and multiple zero-crossings. Located between the fusion crust and deep interior zones and extending $2 mm into the meteorite is a region exhibiting intermediate behavior: like the deep interior, it is unmelted and has weak magnetic anomalies associated with carbonate and chromite, but like the fusion crust, individual anomalies are concentrically zoned with interior downward fields ringed by belts of upward fields.
[12] Fields above the interior are often spatially correlated with carbonate and chromite grains. Our electron microscopy and IRM data (see auxiliary material) indicate that pyrrhotite and magnetite intimately associated with the nonmagnetic macroscopic carbonate and chromite are the actual sources of this magnetization. In particular, highresolution transmission electron microscopy analysis of an ultrathin section prepared by focused ion beam milling from an individual grain of chromite ( Figure S3 ) detected enclosed sulfide containing lattice fringes with d-spacings indicative of monoclinic pyrrhotite (see auxiliary material).
[13] We conducted separate unidirectional least squares fits to both the full NRM scan as well as to the interior-only (no fusion crust) portion (see auxiliary material). From both inversions (data not shown), we obtained residuals that far exceeded our measurement noise, confirming that the meteorite is not unidirectionally magnetized. To characterize the NRM pattern in more detail, we then selected 41 relatively isolated anomalies ( Figure S4 ) and conducted unidirectional least squares fits to solve for each anomaly's magnetization intensity and direction. NRM intensities from individual anomalies range from 4 Â 10 À14 Am 2 (deep interior anomaly 41) to 6 Â 10 À10 Am 2 (fusion crust anomaly 14). As expected, the fit NRM directions are widely scattered ( Figure S9a ).
[14] The two fusion crust anomalies (3 and 14) collectively carry the majority of the magnetization in the sample. A uniformity test [Watson, 1956] demonstrates that the remaining 39 anomalies are nonrandomly distributed to >99% confidence and are preferentially oriented in the direction of the fusion crust. However, when the 16 anomalies from the fusion crust and intermediate zone (within 3 mm of the fusion crust), which are mainly magnetized downward like the fusion crust, are excluded from the population, randomness cannot be rejected with 99% confidence ( Figure S9a ). This result serves as a joint conglomerate and baked contact test, demonstrating that the deep interior of the meteorite has a preterrestrial NRM that survived atmospheric passage, sample handling by NASA, and the production of the thin section. By analogy with our previous SM studies of ALH 84001, the fusion crust magnetization is a thermoremanence acquired during atmospheric passage in the Earth's field. Its great intensity relative to the interior is mainly due to the relatively high concentration of cryptocrystalline magnetite that forms in the fusion crusts of stony meteorites . Previous studies have shown that thermal remagnetization from atmospheric passage extends from 0.1 to several mm into the unmelted interiors of stony meteorites [Butler, 1972; Sugiura and Strangway, 1983; .
[15] The sample field as imaged during progressive AF demagnetization ( Figure 2 ) was broadly similar to the NRM, with intense, downward fields above the fusion crust and weaker, heterogeneously oriented fields above carbonates and chromite in the interior. As AF demagnetization progressed to higher peak fields, the intensity of the fields decreased and the magnetization weakened. Again, our inversions ( Figure 3) show that the meteorite cannot be unidirectionally magnetized even after AF demagnetization to 5 -30 mT . By AF 40 mT (Figure S9f-S9l), many anomalies (including essentially all those dominated by magnetite; see Figures 3d and 3e) have been significantly demagnetized and are either too weak to yield high fidelity inversions or else have directions dominated by spurious remanence induced by our AF system. Weak NRM after AF 99 mT remained in anomalies dominated by pyrrhotite, as expected for this high-coercivity mineral. Such high stability has also been observed from studies of bulk ALH 84001 grains . By AF 99 mT, the intensity of anomaly 41 had dropped to 1.2 Â 10 À14 Am 2 . This is by nearly two orders of magnitude the weakest measured NRM in the history of paleomagnetism.
[16] Using these data, we calculated 41 individual NRM/ sIRM paleointensities for the thin section. The fusion crust and baked zone have Earth-strength paleointensities, giving a median value of 34 mT. This is as expected given that the magnetization in these zones was acquired at 13 ka during landing on Earth [Jull et al., 1995] . The interior anomalies have a median paleointensity of 46 mT, with 95% of the anomalies having a paleointensity within a factor 6 of the median ( Figure S10 ). As observed for a SM paleointensity study of terrestrial basalt , there is a sparsely populated high-field tail to the paleointensity distribution which may be a reflection of the expected variability of grain sizes and volumes amongst the anomalies. Our SQUID microscopy study of anisotropy of IRM (see auxiliary material) found no evidence that the anomalies have strong magnetic anisotropy that might bias these paleointensity estimates or be responsible for the heterogeneous orientation of their NRM directions. Assuming that the heterogeneous magnetization in the meteorite is the product of early shock events (see auxiliary material), these data would suggest that a field of order Earth-strength magnetized the interior of ALH 84001 at 4 Ga.
Conclusions
[17] Our new paleointensity estimate matches those derived from the smallest previously studied samples . This indicates that our study has captured (indeed, well exceeded) the smallest characteristic spatial scale of the NRM and that our paleointensity estimates are not lower limits in this sense. The main limitation of our analysis is that we have obtained total moment paleointensities rather than paleointensities for each component of magnetization. On the other hand, paleointensities derived from multicomponent and single component anomalies have median values that are well within our uncertainties (38 and 64 mT, respectively). We also note that a multicomponent NRM/sIRM study on bulk ALH 84001 grains ] measured a characteristic The scatter in moments visible at high AF steps (e.g., anomaly 20 at AF > 20 mT) is due to a combination of spurious remanence induced by our AF system and uncertainties in the magnetization fit due to surrounding magnetization. component paleointensity within a factor of 2 of our single component median paleointensity.
[18] We conclude that within the uncertainties of the NRM/sIRM method, our paleointensities are accurate indicators of the ancient Martian paleofield. This $50 mT field was most likely the product of either an active core dynamo or crustal magnetization that was the product of a previous dynamo that had since decayed. Even if such a field was responsible for magnetizing the Martian crust, the large intensity of the crustal anomalies would still have required surprisingly large concentrations of ferromagnetic minerals (perhaps 10 times that of the Earth's continents). Regardless of whether the field was of local or global extent, it would likely have shielded the local Martian atmosphere from loss due to impingement of the solar wind. The end of the early Martian dynamo may therefore have played an important role in climate change on Mars. Table S1 . Previous paleointensity estimates for ALH 84001. Shown are all previously published paleointensity estimates of ALH 84001 arranged in order of subsample mass. All studies measured the ratio of natural remanent magnetization (NRM) to saturation isothermal remanent magnetization (sIRM). The first and second columns are measurements, and the third column is computed by multiplying the data in the second column by a calibration factor of 3000. Table S2 . Paleointensity estimates for ALH 84001 from this study. Shown are paleointensity estimates of ALH 84001 from each of 41 anomalies (see Supplementary Text). Column 1 lists the anomaly #, column 2 gives the mineralogy of the anomaly as inferred from electron microscopy and IRMz-acquisition data (Figs. S5, S6), columns Page 1
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2008gl035585-readme.txt 3 and 4 respectively give the natural remanent magnetization (NRM) and isothermal remanent magnetization at 545 mT (a close approximation of saturation isothermal remanent magnetization, sIRM), column 5 gives the ratio of the values in columns 3 and 4, and column 6 gives the inferred paleointensity in microteslas = (column 5) x a where a ~ 3000 is an empirically determined calibration factor (Fuller and Cisowski, 1987; Kletetschka et al., 2003; Kletetschka et al., 2004; Yu, 2006) .
2008gl035585-readme.txt individual magnetic anomalies in ALH 84001,227b,2. These IRMz values are inferred from unidirectional least squares fits to SQUID Microscope data (Fig. S5) . (A) Selected IRMz acquisition plots for two carbonate-magnetite-sulfide anomalies (#2 and #5; diamonds), two chromite-sulfide anomalies (#4 and #8; squares), and the bulk sample (dominated by magnetite-bearing fusion crust; circles). Data are normalized to IRM after 545 mT [IRMz(545 mT)]. The three magnetite-bearing assemblages are saturated by 300 mT whereas the two chromite-sulfide assemblages saturate above 545 mT. (B) Histogram of IRMz for all analyzed anomalies. Each box represents the saturation field inferred from least squares fits to IRMz data for an individual numbered anomaly (see Fig. S4 ). White boxes = chromite-sulfide assemblages, light grey boxes = carbonate-magnetite-sulfide assemblages, and dark grey boxes = magnetite-bearing fusion crust.
2008gl035585-txts01.txt Auxiliary Text 1.0. Ferromagnetic mineralogy of ALH 84001. Determining the mineralogical sources of the magnetic anomalies observed in ALH 84001 is important for determining the mode and timing of remanence acquisition. Towards this end, we conducted backscattered electron microscopy (BSEM) imaging of the 227b,2 thin section following all magnetic analyses. These data were obtained using a highresolution Robinson BSE detector on a Hitachi S-4700 field-emission scanning electron microscope. The analysis was performed on a polished, carbon-coated thin section at accelerating voltages of 25 kV and 15 kV and working distances of 12 and 24 mm.
The BSEM data indicate that the magnetic anomalies are associated with three macroscopic phases: fusion crust, carbonate, and chromite (Fig. S2) . Although a similar association was noted in our previous study of thin section 227b,2 , the new data presented here, which have a resolution twice as fine as that of the previous study, greatly augment this observation. The first two of these sources were expected: carbonate in ALH 84001 contains both magnetite and pyrrhotite , and fusion crust in stony meteorites is usually magnetite-rich . Our alternating field (AF) demagnetization of NRM and isothermal remanent magnetization (IRM) acquisition data (see below and Figs. 1, 4, S5, and S6) indicate that all carbonate-and fusion crust-associated anomalies have coercivities below 300 mT (characteristic of magnetite), whereas chromiteassociated anomalies almost exclusively have coercivities greater than or equal to 300 mT.
The room-temperature NRM associated with ALH 84001 chromite has been a puzzle since it was first discovered . A major problem with understanding this is that no magnetic properties have been reported for the exact composition of the ALH 84001 chromite (Fe_1.05 Cr_1.31 Al_0.35 Mg_0.20 Ti_0.06 O_4.0 as calculated from the data of [Mittlefehldt, 1994] ). However, studies of binary spinel solid solution series indicate that the increasing replacement of Fe in magnetite with Al, Mg and Ti tends to lower the Curie point and saturation magnetization. With this in mind, if we use Fe_1.05 Cr_1.95 O_4 as a model (chosen because it is one of the spinel compositions closest in composition to ALH 84001 chromite whose magnetic properties are well-known), we would predict a Curie point of only ~90 K. In fact, magnetic studies of bulk grains and chromite separates suggest that ALH 84001 chromite has a dominant Curie point of almost exactly this temperature . This would seem to indicate that the chromite should only be paramagnetic at room temperature.
Our high resolution BSEM images of many ALH 84001 chromites associated with magnetic anomalies have detected no exsolution textures which could be candidate ferromagnetic minerals with greater than room-temperature Curie points. Instead, we found that chromite is very often intimately associated with iron sulfide. Such an association has been previously noted [Greenwood et al., 2000; Mittlefehldt, 1994] . To examine this further, we conducted transmission electron microscopy (TEM) imaging of an ultrathin section extracted from ALH 84001 chromite using focused ion-beam milling (Fig. S3) . The section was prepared from an isolated chromite grain (not associated with the 227b,2 thin section) using a Hitachi FB-2000A focused ion beam system. This TEM investigation once again did not find exsolution features but did find small amounts of iron sulfide in the interior of the chromite. This sulfide has lattice fringes of of 0.29 nm (220, 400), 0.26 nm (4-overbar 04, 2-overbar 24) or (224, 404), 0.21 nm (2-overbar 28) or (228), 0.17 nm (040, 620), 0.15 nm (440, 800), and 0.48 and 0.46 nm (1-overbar 13), characteristic of the ferromagnetic mineral monoclinic pyrrhotite [JCPDS, 1980; Morimoto et al., 1975] .
If this pyrrhotite is the source of the chromite room-temperature NRM, then how can we explain the apparent 90 K Curie point? Although the saturation magnetization of spinels with the exact composition of those in ALH 84001 has not been measured, if it is similar to Fe_1.05 Cr_1.95 O_4, then it would be within a factor of ~2-3 of pyrrhotite. Therefore, that fact that our electron microscopy observations indicate that associated pyrrhotite typically makes up Page 1 2008gl035585-txts01.txt no more than a few percent of the mass of surrounding chromite would explain why there is little evidence of pyrrhotite during our previous low-temperature magnetic studies of chromite separates 1. Such a pyrrhotite abundance can account for the observed room-temperature NRM intensities assuming NRM/sIRM ~ 1%. In summary, there appear to be two main mineralogical carriers of magnetization in ALH 84001: magnetite (dominating the fusion crust and carbonate) and pyrrhotite intimately spatially associated with carbonate and chromite.
2.0. The age and origin of the magnetization in ALH 84001. There are a wide range of constraints on the timing of NRM acquisition for ALH 84001. The magnetite-pyrrhotite-carbonate assemblages formed sometime between 4.14-3.86 Ga [Borg et al., 1999] and the chromite-sulfide assemblages probably formed at the 4.5 Ga crystallization age of the bulk meteorite [Jagoutz et al., 1994; Nyquist et al., 1995] . These ages are upper limits on the age of the magnetization carried by these phases.
In fact, ALH 84001 has experienced a violent history, with at least one and possibly multiple shock event(s) that occurred during and/or after the formation of the free sulfides and carbonate and that produced diaplectic glass [Greenwood and McSween, 2001; Treiman, 1998 ]. Petrographic data indicate most of the glass and nearby carbonate reached peak shock pressures of ~32 GPa, peakshock temperatures of ~30-150°C, and post-shock temperatures of ~14-40°C, although the presence of rare vesicles suggests that small (sub-cm) regions reached pressures >45 GPa with post-shock temperatures of several hundred °C [Artemieva and Ivanov, 2004; Baer, 1999; Barber and Scott, 2006; Bischoff and Stoffler, 1992; Cooney et al., 1999; Fritz et al., 2005a; Fritz et al., 2005b; Kring et al., 1998; Treiman, 1998 ]. Some authors have argued that one of these shock events actually formed some [Eiler et al., 2002] or all [Barber and Scott, 2003; of the carbonate-magnetite assemblages from shock-melts, or at least formed the magnetite within pre-existing carbonate [Bell, 2007; Golden et al., 2004; Treiman, 2003 ]. Regardless of the details, these shock event(s) must have partially remagnetized at least localized (millimeter to submillimeter scale) regions of the meteorite2.
There are two ways these shock events could have produced the heterogeneous pattern of magnetization. The first is via rotation of grains due to shock brecciation, which would involve no remagnetization of the individual grains [Greenwood and McSween, 2001 ]. The second is via spatially nonuniform heating by multiple shock events, which could heterogeneously remagnetize the rock at fine scales. The latter process could produce varying magnetization directions if (a) during the impacts the rock rotated while the field remained steady and/or if (b) the rock remained stationary during the impacts but the field itself changed during the intervals between the shock events.. Note that heterogeneous heating at submillimeter scales is a well-known aspect of shock events that has been observed both experimentally and theoretically in a wide variety of natural materials [Baer, 1999; Bischoff and Stoffler, 1992; Malavergne et al., 2001 ] including ALH 84001 [Treiman, 1998 ]. On the other hand, our proposal that this process could produce heterogeneously oriented magnetization has yet to be experimentally verified.
In any case, the persistence of this nonunidirectional magnetization suggests that the meteorite has been well below the Curie point of magnetite (580°C) since the last major shock event. Weiss et al. further argued that the meteorite was cooler than 40-80°C during ejection from Mars. However, the subsequent realization that magnetite makes a significant contribution to the NRM means that the magnetization at these blocking temperatures is more susceptible to viscous remanent magnetization (VRM) than originally thought (magnetite and pyrrhotite in ALH 84001 should have been viscously remagnetized up to 1 hour blocking temperatures of ~150°C and 80°C ). Regardless, the results of Weiss et al. are remarkably consistent with the previously mentioned shock petrographic constraints [Fritz et al., 2005a; Fritz et al., 2005b] .
A variety of other datasets on ALH84001 strongly indicate that at least no long-term heating above the magnetite Curie point has occurred since 4 Ga. The Page 2
2008gl035585-txts01.txt meteorite has an 40Ar/39Ar age of 3.9-4.3 Ga [Bogard and Garrison, 1999] . 40Ar/39Ar thermochronology calculations , 4 Ga U/Pb apatite ages [Terada et al., 2003] , cation zoning in carbonate [Fisler and Cygan, 1998; Kent et al., 2001] , and Fe2+ -Mg ordering in orthopyroxene [Domeneghetti et al., 2007] collectively indicate that much of the meteorite was heated to >500°C at 4 Ga but has not since been warmer than 350-500°C except possibly for very brief intervals (hours). The 40Ar/39Ar and new (U-Th)/He data [Min and Reiners, 2007] in particular indicate it was not heated above 350-400°C during ejection from Mars and transfer to Earth (despite the title of [Min and Reiners, 2007] , both studies have placed nearly identical upper limits on the temperature experienced by ALH 84001 during ejection). Finally, [Barber and Scott, 2003] argue that the lack of major shock deformational features in the carbonate indicates that they have not been shockheated above ~500°C since minutes after they formed. These data collectively strongly indicate there has been no long term heating of ALH 84001 above the magnetite Curie point since ~4 Ga and are consistent with the characteristic magnetization being acquired as a thermoremanence (TRM) at that time. Previous AF demagnetization studies of bulk ALH 84001 grains demonstrate that this TRM was overprinted by one or more secondary components at more recent but not welldetermined time(s). We do not favor the overprint as a crystallization remanent magnetization given the near complete lack of post-carbonate weathering minerals in the meteorite; although it is possible that hematite in carbonates is an alteration product of magnetite, favor hematite as a primary depositional phase and TEM and our IRM acquisition data (Section 5.0 and Fig. S6 ) suggest that hematite is significantly less abundant than magnetite. There is no evidence of secondary low-field IRM in the multicomponent paleointensity experiment of . The three most likely secondary overprints in ALH 84001 are (a) low-temperature impact-related partial TRM (b) a partial shock remanent magnetization (SRM) (e.g., [Cisowski and Fuller, 1978] ) in moderately shocked (< 30 GPa) regions of the meteorite, and (c) a VRM acquired on Earth. If an SRM is present, it does not invalidate our paleointensity estimates but rather means they are likely lower limits due to the inefficiency of SRM relative to thermoremanent magnetization (TRM) [Gattacceca et al., 2008; Pohl and Eckstaller, 1981] . However, the possibility of impact-generated magnetic fields Crawford and Schultz, 1999; Srnka et al., 1979] would mean that SRM and impact-related TRM may not record internally generated Martian fields. 3 In summary, the weight of the evidence suggests that at least the characteristic magnetization in ALH 84001 is likely a TRM dating back to at least 4 Ga which has been subsequently partially overprinted. The fact that the within-sample anomaly NRM directions (Fig. S9) do not plot along a great circle would indicate that there must have been at least two such remagnetizing events after carbonate formation.
Future magnetic microscopy paleointensity studies of ALH 84001 should therefore employ multicomponent paleointensity techniques.
3.0. Paleointensity method and its uncertainties. It has been demonstrated from studies of a wide variety of terrestrial and extraterrestrial minerals (including both magnetite and pyrrhotite) and their synthetic analogs that for low-field TRM (<10% of sIRM), the ratio of TRM to sIRM is roughly proportional to the intensity of the paleofield which produced the TRM [Fuller and Cisowski, 1987; Fuller et al., 1988; Fuller et al., 2002; Kletetschka et al., 2003; Kletetschka et al., 2004; Kletetschka et al., 2006; Verrier and Rochette, 2002] . Samples containing approximately equant crystal shapes will have TRM/sIRM ~ several % for a single TRM component produced in Earth's field (~50 µT), although extreme acicular shape distributions can have TRM/sIRM that is 50 times higher than that of equant grains [Yu et al., 2007] . For samples without such extreme shape distributions, the paleointensity estimate from this technique has an uncertainty of a factor of up to ~10 (for extremely narrow size distributions) and more typically ~2-5 (for samples with fairly uniform size distributions), with the chief sources of error being the dependence of TRM intensity on the unknown grain volume and microscopic coercivity distribution [Lawrence et al., 2008; Yu, 2006] . Page 3 2008gl035585-txts01 .txt Paleointensities of samples with multiple components (see Section 2.0) computed using the ratio of total NRM to total sIRM will provide only a lower limit on the average paleointensity of all components and as a result will not isolate the characteristic component, which is often the easiest to identify as a thermoremanence. This inability to distinguish paleointensities of individual components is the chief limitation of this study and makes it complementary to the multicomponent analysis of .
To summarize, we calculated the paleointensities in Supplementary Table 2 using the following formula: Paleointensities in microteslas = NRM/IRMz(545 mT) × 3000. Because the ratio of TRM to IRM is nonlinear when TRM/IRM > ~10% [Kletetschka et al., 2006] , the IRM paleointensity technique is not wellcalibrated for such efficiently magnetized samples and we do not report paleointensities for the one anomaly in this category.
4.0. Least squares analysis of NRM and AF demagnetization. The basis of our least squares fits for magnetization are described in detail elsewhere . Unlike basalt samples previously studied using SQUID microscopy, on the cm-scale ALH 84001 has localized and nonunidirectional rather than continuous, unidirectional magnetization. However, because the meteorite's magnetization direction is not controlled by anisotropy (see Section 6.0), we can infer that at some smaller spatial scale the magnetization should be unidirectional.
To determine whether such a scale was resolved by the SM, we selected 41 subregions of the full SM scans and applied unidirectional least squares fits to each region. Each of these 41 anomalies are analogous to the magnetized seamounts mapped by ship-borne magnetometers as described by Parker [Parker, 1991] . With respect to seamount inversions, we have the critical advantage that we can bound the locations of magnetic sources by remagnetizing the entire thin section in a known direction. As such, we began by fitting unidirectional fits to our vertical isothermal remanent magnetization (IRMz) maps (see below and Fig. S6 ). The locations of these sources were then fixed at the same locations for the inversions of the NRM and AF demagnetization maps.
We estimate that the two main sources of uncertainty in our least squares fits to each anomaly are (i) position noise due to imprecise knowledge of the exact location of each field datum [Lee et al., 2004; , and (ii) fields from surrounding unmodeled anomalies (e.g., [Parker et al., 1987; Parker, 1991] ). The strongest anomalies will tend to be dominated by position noise while weaker anomalies (particularly those near the strongly magnetized fusion crust) will tend to be dominated by fields from unmodeled anomalies. Unfortunately, it is difficult to obtain precise estimates of the latter error because the magnetization pattern around any particular anomaly is not known a priori. Using the equations for position noise above dipoles in [Lee et al., 2004] and qualitatively estimating the intensity of background unmodeled fields, we found that the fit magnetization directions for most anomalies had uncertainties of ~10-50º. Although this angular uncertainty is large by the standards of moment magnetometry, it still is sufficiently small that we can argue that (a) the anomalies outside the baked zone are randomly magnetized, and (b) anomalies in the baked zone are mainly magnetized downward-west and fail the Watson conglomerate test (see main text).
We can also use the uncertainty estimates to test the hypothesis that the ALH 84001 anomalies are unidirectionally magnetized by comparing the residuals from our unidirectional least squares fits with the expected measurement noise. We found that fits to most anomalies indeed had residuals that did not exceed this noise level, consistent with the hypothesis that they are unidirectional. However, inversions on several anomalies (e.g., #21, #22, and #26) had residuals that well exceeded our measurement noise, indicating that those anomalies themselves cannot be unidirectional. For these anomalies, the fit NRM will be a lower limit on the true microscale magnetization, while the fit directions (Fig.  S9) are highly uncertain 5.0. Vertical isothermal remanent magnetization acquisition. Our least squares analyses of the 41 magnetic anomalies during stepwise IRMz-acquisition (Fig. S5) found that the magnetization of most anomalies increased monotonically in Page 4
2008gl035585-txts01.txt intensity with applied field and rapidly oriented unidirectionally toward the applied field direction. Anomalies associated with carbonate and fusion crust saturated by ~300 mT (as expected for their magnetite-dominated mineralogy), whereas anomalies associated with chromite-sulfide assemblages continued to acquire magnetization at 450 mT and higher fields (Fig. S6 ). This provides independent support for our electron microscopic identification of pyrrhotite described above. These IRM-acquisition studies, the first conducted using SQUID microscopy, demonstrate how rock magnetic properties can be mapped across a thin section to deduce the mineralogy of individual magnetic anomalies at submillimeter scales. They provide additional support for the mineralogical identifications for each anomaly, which previously were based only on a spatial correlation between NRM and compositional (electron and optical microscopy) maps.
6.0. Anisotropy of remanent magnetization. We also conducted the first anisotropy of remanence studies using SQUID microscopy. These studies were motivated by the hypothesis Barber and Scott, 2003 ] that the heterogeneous orientation of magnetization in ALH 84001 could be the product of fine-scale magnetic remanence anisotropy. If true, this would indicate that the meteorite has a fine-scale anisotropy that is so intense it would (a) likely invalidate our paleomagnetic conglomerate test (see main text), and (b) require that our raw paleointensity estimates be multiplied by a correction factor that depends on the degree of anisotropy for each anomaly .
We used a comparison of our IRMx(545 mT), IRMy(545 mT) and IRMz(545 mT) field maps (Fig. S7) to test for such anisotropy. Our least squares fits found that the magnetization directions of all 41 individual anomalies had IRM orientations indistinguishable from the applied field direction for all three IRM directions (Fig. S8) . Also, for all 41 anomalies, the intensities of IRMx(545 mT), IRMy(545 mT) and IRMz(545 mT) were indistinguishable for each anomaly. Because our inversions yielded moments with fairly high uncertainties (up to several tens of % in magnitude and up to several tens of degrees in direction), this is not a very sensitive test of anisotropy (certainly, it does not justify computing an anisotropy tensor [Hrouda, 1982] for each anomaly). Nevertheless, even with these uncertainties, the near spherical distribution of NRM and AF of NRM vectors (Fig. S9 ) cannot be explained as being primarily the result of magnetic anisotropy, which even at its most intense should restrict directions to a hemisphere. We conclude that magnetic anisotropy does not invalidate the conglomerate test. Given the uncertainties of the NRM/sIRM method (see Section 3.0), we did not correct our paleointensity estimates for anisotropy of remanence.
